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Micro-perforated panela b s t r a c t
The woven fabric is known to have micro structures inherently so that it can be employed as sound absor-
ber with the same absorption mechanism as the micro-perforated panel (MPP) when it is backed up by an
air cavity. In the context of multi-layer system, having high flow resistance at all layers do not guarantee
high sound absorption coefficients are achieved apart from narrow absorption bandwidth issue in the
MPP. These have been extensively discussed in fibrous porous materials, but it is lacking for the woven
fabrics, particularly on the analysis of the relationship of flow resistance for each layer to the sound
absorption bandwidth. In this paper, a double-layer system of woven fabric is considered. Two cases
are studied: a system with identical flow resistance and one with non-identical flow resistance. The
Johnson-Champoux-Allard (JCA) formulation and the transfer matrix method are used to develop the pre-
diction model. It is revealed that for a system with identical flow resistances, high flow resistance pro-
duces low amplitude of absorption coefficient, but with relatively wide frequency bandwidth. Lower
flow resistance can improve the absorption amplitude, but with a dip in between two absorption peaks
which degrades the half absorption bandwidth. This can be solved by having the combination of non-
identical resistance between the layers. The selection of flow resistances together with the ratio of the
air cavity depths can be used in tuning the performance of the double-layer woven fabric absorber.
The experimental data show good agreement with the predictions.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
Woven fabrics are ubiquitous existing materials commonly
applied for interior finishing in buildings. Apart from being the
component for the interior design, the woven fabrics have also
been shown to be potential as sound absorber [1] and have also
been deliberately used as sub-component absorber, for example
hanging single curtain [2], porous woven hose [3], and upstream
resistive layer [4]. Woven fabric in fact consists of micro-holes
[5] of less than 1 mmwhere the fabric can then be treated similarly
as the micro-perforated panel (MPP) [6–8]. Some advancements
have been made to enable the woven fabric to be more applicable
in dealing with various requirements as sound absorber. A com-
mon approach of the advancement can be obtained by arranging
multiple layers of fabrics in particular form in order to have broad
frequency of absorption as presented in [6,7].It is well defined that air flow resistance of material is respon-
sible for its absorption characteristic as it determines the acoustic
resistance of surface impedance of the material. This affects the
absorption performance in terms of amplitude and the absorption
bandwidth [9–11]. For basic configuration of an absorber, a single
layer of porous material or MPP, the flow resistance can be deter-
mined by controlling the associated density and thickness for the
case of porous material [12] or the perforation parameters for
the case of MPP [13]. In other words, the relation between the
absorption performance and the flow resistance in a simple config-
uration is clear. Hence, the absorber performance can be governed
to meet particular requirements. This should not be the case for
more complex configuration i.e. multi-layer system in which the
flow resistance is not found to be a single term as usually found
in parallel (patch-working system) and series system [14,15]. The
combination of the multiple-flow resistances found in the system
cannot be disregarded. Hence, it is instructive to look at this further
on overall absorption performance of multi-layer woven fabrics.
In this paper, some efforts are devoted to control the absorption
characteristics of multi-layer thin woven fabric through variation
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resistance is considered because it is attractive and is relatively
easy to obtain by standard measurements or prediction [16,17]
compared with other acoustic parameters, such as viscous charac-
teristic length and thermal characteristic length required in a
mathematical model e.g. Johnson-Champoux-Allard (JCA) formula-
tion [18,19]. Introducing non-identical flow resistance as well as
variation of cavity depths between layers in the double-layer sys-
tem is to further comprehend the relation of flow resistance of
each layer involved in the double-layer system to the bandwidth
extension. Hence, the design can be deduced accordingly which
is beneficial for practical purposes, particularly for the develop-
ment of woven fabric layer as sound absorbers. The fundamental
concept can also be applied for the multi-layer system. To the best
of our knowledge, no existing study is carried out in specific to look
at relationship of flow resistance composition and backing cavity
layers to the absorption amplitude and its associated absorption
bandwidth.
This paper is organized as follows: firstly, an introduction is
presented to describe the motivation of the paper. It is then fol-
lowed by theoretical background particularly JCA model and con-
cept of matrix transfer method in realizing sound absorption
prediction model of multi-layer system. In Section 3, the effect of
flow resistance variation on sound absorption characteristics are
studied for double layer system with identical flow resistance
and non-identical flow resistance as well as the effect of cavity
depth ratio between layers on bandwidth. In the next section,
experimental validation is conducted to see how well the agree-
ment between the sound absorption in the prediction and from
the measurement. Lastly, some important results are summarized
in conclusions.2. Theoretical background
2.1. Governing equations
The concept of Johnson-Champoux-Allard (JCA) model [18,19]
is outlined in this section. Its development for the case of MPP
was proposed by Atalla and Sgard [20]. As the structure of woven
fabric also consists of micro-holes, the same approach for MPP
can thus be applied to woven fabric. Apart from this, the non-
hole parts of the woven fabric occupied by yarns that consists of
many fibers forming a dense section as indicated in Fig. 1. Hence,
the non-hole parts of woven fabric are naturally more imperme-
able than the hole ones.
To apply this model, five physical parameters are required. For
the case of material with identical parallel cylindrical perforation
and circular cross section, the five parameters can be defined as
follows:Fig. 1. Details of the hole and the non-hole parts of woven(1) Open porosity / is the ratio of void area to the total areafabric w/ ¼ p r
b
 2
ð1Þwhere r is the hydraulic radius of pore and b is the centre-to-
centre distance of the pore.
(2) The ratio between the pressure difference across material
and the induced normal velocity under the condition of
steady low speed flow is defined as static flow resistivity,
r. For the case of laminar flow in the channel, the velocity
distribution in the poiseuille flow applies. Hence, for the cir-
cular tube with radius r, the static flow resistivity of a circu-




ð2Þwhere g is the dynamic viscosity of air and d ¼ 2r is the pore
diameter. The flow resistance is defined by multiplying r
with the absorber thickness t written as r  t.
(3) Geometric tortuoisity a1 is used to account for flow distor-









< 0:4 and t is the panel (woven fabric) thickness.
(4) The viscous characteristic length K is related to the size of
the inter-connection between two pores. For the case of a
straight cylindrical pore, this is typically equal to hydraulic
radius perforation, r [21]. The role of this parameter is to
control the viscous effects at medium and high acoustical
frequencies.
(5) The thermal characteristic length K0 is related to the largest
size of the pores and is responsible for controlling the ther-
mal effects at medium and high frequencies. It is typically
equal to hydraulic radius perforation, r for the case of a
straight cylindrical pore [21].
The five parameters are then used to define the dynamic mass
density qe and the dynamic bulk modulus Ke of woven fabric that
can be deduced from the JCA model. The dynamic mass density as
the function of frequency, x (in radian/s) is given by











Fig. 2. An acoustic element with different surface pressure and particle velocity on
opposite surfaces.
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. The dynamic bulk modulus
is expressed as
KeðxÞ ¼ cP0=/c ðc 1ÞG0ðxÞ ð6Þ
where










In the above expressions, j is the thermal conductivity of air, K0
is the thermal characteristic length of woven fabric and Cp denotes
the specific heat of air at constant pressure.
From the two formulations, the characteristic impedance, Zc












By omitting the time dependence factor ejxts , the normal surface
impedance of the woven fabrics backed up by an air cavity is
Zs ¼ Zc jZcacotðkctÞ þ ZcZca  jZccotðkctÞ ð10Þ
where Zca ¼ j/q0c0cotðkDÞ is the characteristic impedance of
air in the cavity with D the air cavity depth and c0 the speed of
sound in air.
For the case where kD << 1 and kct << 1, the conditions are
applicable for a thin screen-like woven. Then the use of Eqs. (8)








where Z0s ¼ Zs=/. Eq. (11) implies that the thermal effect is negligi-
ble for the case of a woven fabric.




ð1þ ReðZs0 ÞÞ2 þ ðImðZs0 ÞÞ2
ð12Þ
From Eq. (12), the maximum absorption can be obtained at res-





The asymptotic limit for low and high frequencies of Eq. (12)




; forx! 0 ð14Þ







; forx! 1 ð15Þ
By considering imaginary part of Eqs. (14) and (15), the transi-
tion frequency of low frequency asymptotes to the high frequency







Physically, Eq. (16) indicates the transition of the flow resistiv-
ity control to the viscous characteristic length control in the
channel.
2.2. Transfer matrix method
To calculate the total surface impedance Zs of a multi-layer sys-
tem, the transfer matrix method is employed. This approach allows
an acoustical element to be modelled by its four-pole parameters
which relate the sound pressure, p and the particle velocity, u on
each side of the acoustical element as illustrated in Fig. 2. The











where T is the element of the transfer matrix.
All conditions of the JCA model apply in this case, including the
particle velocity on both sides of a woven fabric which can be
assumed to be equal, i.e. u1 ¼ u2. This leads to the sound pressure
on the first surface as
p1 ¼ p2 þ u1Zt ð18Þ
where Zt is the transfer impedance and can be obtained from Eq.














Meanwhile, the transfer matrix of an air cavity with depth D can




















where k is the acoustic wavenumber. The transfer matrix as in Eq.
(17) can then be obtained from the product of TM½ wf and TM½ ac as




















Finally, the surface impedance can then be calculated for any
cavity depth D by




Eq. (22) is essentially equal to Eq. (11). Hence, the sound
absorption can be obtained from







For the case of n-layer system as in illustrated in Fig. 3, the total
transfer matrix can be obtained by multiplying the matrix of each









Making use of Eq. (22), the surface impedance of the case of two
layers (n = 2) of woven fabrics can be written as























where Z10 ¼ Zs1=/1, Z20 ¼ Zs2=/2 and where D1 and D2 are the air
cavity of each layer as shown in Fig. 3. It should be noted that Z10
and Z20 are complex variables.
While for a single layer the cavity depth mainly influences the
imaginary part of the surface impedance, Eq. (25) indicates that
the cavity depth contributes to both real and imaginary parts of
the total surface impedance of the double-layer system.
For the low frequency limit, the acoustic resistance (real part) of
Eq. (25) is given by
Z0s0L 





[TM]1 [TM]2 [TM]3 [TM]n
3 4 n+1
Fig. 3. Illustration of governing matrices in n-layer acoustic elements.If the cavity depths are the same D1 ¼ D2 ¼ D, Eq. (26) can be
written as
Z0s0L  Z10 þ 0:25Z20 ð27Þ
or
Z0s0L  1:25Z10 ð28Þ
if the flow resistances are the same for both layers.
The acoustic reactance (imaginary part) of the low frequency
limit can be expressed as
Z00s0L  




The limit of high frequency of Eq. (25) at which the frequency
much higher than the resonance frequency can be expressed as
follows
Z0s0H  Z10 ð30Þ
Z00s0H  q0c0cotðkD1Þ ð31Þ
Eqs. (30) and (31) imply that the behavior of sound absorption
at high frequency is mostly dominated by surface impedance of the
first layer. It should also be noted that Eqs. (26)–(31) are the low
and high frequency aysmptotic limits for the resistive part and
reactance part of the total surface impedance. The equations are
not the approximation to the complete formulas as indicated in
Eq. (25).
3. Parametric study
3.1. Description of a double-layer system
The double-layer system is realized by arranging two woven
fabrics in series arrangement as shown in Fig. 4. Two specifications
of woven fabrics are considered in this study, namely the fabrics:
(i) with optimum flow resistance (r  q0c0) and (ii) with much
lower or much higher flow resistance (rq0c0 or rq0c0). The
parameters related to these specifications are listed in Table 1.
Sound absorption characteristics by combining two woven fab-
rics with different or same specification of flow resistance are thus
studied with the air cavity depth of 25 mm on each layer is consid-
ered at first and the effects of cavity variations are introduced and
are discussed separately. Since, the perforation shape of the woven
fabric is square rather than circular, the approximate pore diame-




Surface of Woven Fabric
Fig. 4. Illustration of double layer system considered in the study.
Table 1
Properties of the woven fabric used in the double-layer system.
Parameter d (mm) b (mm) t (mm) r t(N.s.m3)
High Resistance 0.14 1.4 0.7 2634
Optimum resistance 0.22 1.4 0.7 432
Low resistance 0.36 1.4 0.7 60
Fig. 5. Normal sound absorption coefficient of double-layer woven fabrics with
identical flow resistances (D1 ¼ D2 ¼ 2:5 mm).
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with a the length of the aperture sides. All air properties used in the
study are listed in Table 2.
The sound absorption characteristics of the double-layer woven
fabrics are evaluated in terms of the absorption bandwidth and the
peak of sound absorption coefficient. Here we also introduce peak
to dip ratio to obtain a qualitative appraisal on the bandwidth
quality and this is defined as
Rpd ¼ apad ð33Þ
where ap is the level of the peak in the sound absorption curve and
ad is the level of the dip in the sound absorption curve. Lower Rpd
thus represents a better wideband absorber.
3.2. Results for identical flow resistance
It is instructive to study the absorption performance of a
double-layer woven fabric having identical flow resistances. The
layer is assumed to be backed up by 25 mm air cavity at down-
stream area. The results of the absorption coefficient (using Eq.
(23)) can be seen in Fig. 5. It can be seen that that two peaks are
pronounced for the optimum and low flow resistance cases where
strong absorption peak is so obvious, while such situation is not
pronounced for high flow resistance case.
For the case of the optimum flow resistance, the first peak exists
around 800 Hz and the second peak at 2.1 kHz. A similar situation
is clearly seen from the low resistance case where two strong
peaks exist around 1.2 kHz and 3 kHz respectively. Although no
strong peak is present, the highest sound absorption for the high
flow resistance case occurs at around 850 Hz.
To further comprehend the observed behaviour of the normal
sound absorption coefficient, Fig. 6 presents behavior of resistive
part (real part) and the reactive part (imaginary part) of Zs0 of the
double-layer and the single layer for the same resistance for the
case of optimum flow resistance and low flow resistance. By com-
paring the result with that of the single layer, it is clear that the
resistive part, ReðZs0 Þ of the double-layer coincides with that of
the single layer at high frequency. Meanwhile, there is a gap
between the two resistances at low frequency due to the presence
of additional 0.25 times the resistive part of the second layer to the
total flow resistance as indicated by Eq. (27). This is also the reason
why the first peak absorption of the double layer for the case of
identical optimum flow resistance is a little bit lower than that
of single layer for the same flow resistance due to ReðZs0 Þ > q0c0.
Following the result in Fig. 5, the identical high resistance case is
not further discussed here.
Similar behavior is also seen for the reactive part, ImðZs0 Þ where
the reactive part of the single layer approaches that of the double-
layer system at high frequency. Considering the presence of air
cavity depth on both the single layer and the double-layer, theTable 2
Air properties used in the study.
c0 q0 g
343 m/s 1.21 kg/m3 1.81  10-5 kg/msfront cavity depth D1 thus has greater effect on the absorption
behavior at high frequencies above the second resonant frequency.
For the optimum flow resistance case, the first peak of the
double-layer is at frequency 800 Hz, i.e. where the resistive part
of the double-layer starts to separate from the resistive part of
the single layer (ReðZs0 Þ  q0c0). Meanwhile the second peak is at
frequency 2.1 Hz where the resistive peak is again merging the
resistive part of the single layer. In between these frequencies,
the peak frequency of resistive part is around the frequency of
the dip in the sound absorption coefficient where the resistive part
dominates over the reactive part. However, at high frequency
above the second peak, the reactive part (which is increasing in fre-
quency) dominates over the resistive part, which results in the
reduction of sound absorption coefficient over the frequency. This
is where the mechanism of sound absorption due to viscous fric-
tion in the pores reduces and the mechanism is dominated with
the inertia of the air mass moving inside the pores of the material.
Similar trend can also be observed for the low flow resistance case.
These phenomena are consistent with the findings by Kang and
Fuch [6] and Maa [23] except for the factor 0.25, which is applica-
ble for the resistance terms in this study.
The results in Fig. 5 also indicates that the presence of two res-
onators (double-layer system) has extended the absorption fre-
quency to lower frequencies (compared to a single layer)
irrespective the resistance value [6,23]. It is found that the half
absorption bandwidth for the optimum flow resistance case is
around 2.5 kHz, while that of the low flow resistance case is not
concluded due to the presence of a dip at 2.1 kHz. From Eq. (3.2),
the former has Rpd = 1.4 and the latter has Rpd = 2.2. From this point
of view, the use of woven fabric having high flow resistance in a
double -layer system is also beneficial (apart from absorption
amplitude) as shown in Fig. 5.3.3. Results for non-identical flow resistance
Following some findings in the case of the identical flow resis-
tance, it is of importance to discuss the same aspects for the
non-identical cases in which the system consists of two woven fab-
Fig. 6. Comparison of resistive and reactive parts of the surface impedance of double-layer woven fabrics with identical flow resistances.
(a) (b)
(c)
Fig. 7. Comparison of normal sound absorption coefficients of woven fabric with non-identical flow resistances: (a) high + optimum resistances; (b) low + optimum
resistances; and (c) low + high resistances (D1 = D2 = 25 mm).
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Fig. 9. Comparison of resistive and reactive parts of the surface impedance of
double-layer woven fabrics for configuration of low-optimum flow resistances.
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sound absorption coefficients for three cases: (i) combination of
high and optimum resistances; (ii) combination of low and opti-
mum resistances; and (iii) combination of low and high
resistances.
It can be seen from Fig. 7(a) that combination of high resistance
and optimum resistance can lead to different behaviors for differ-
ent configurations. The use of optimum resistance at the first layer
and high resistance at the second layer (optimum-high resistance)
produces single peak with a = 0.95, while two peaks are present for
the reversing configuration (high-optimum resistance) with
a < 0.5. A similar situation is found for the case of combination of
low and high resistances as shown in Fig. 7(c), where high ampli-
tude and wider frequency bandwidth is obtained if the fabric with
high flow resistance is located on the second layer. For the case of
combination of low and optimum resistances, two peaks are pre-
sent at 800 Hz and 2.7 kHz with low dip in between, similar phe-
nomenon as already shown in Fig. 4. This dip thus sacrifices the
half absorption bandwidth, i.e. when the fabric with optimum
resistance is situated on the first layer and the low one at the sec-
ond layer as shown in Fig. 7(b). However as from the previous case,
the bandwidth of absorption becomes wider when the fabric layer
with greater resistance is located as the second layer. See the low-
optimum resistance case in Fig. 7(b).
Fig. 8 shows the behavior of the resistive and reactive parts of
the surface impedance for the double-layer with combination of
low and optimum flow resistances as presented in Fig. 7(b). Obvi-
ously, for the case of optimum-low flow resistance case, the total
resistive part follows the asymptotic behavior of low frequency
region (see Eq. (26)) and the resistive part of the optimum flow
resistance layer determines the absorption behavior at high fre-
quency. The presence of the dip at around 2.2 kHz is due to the
excessive resistive part (ReðZs0  q0c0Þ) indicated by the peak
which dominates over the reactive part at the same frequency.
Having too high resistive part, the sound becomes more difficult
to penetrate the pores.
That is not the case for the reversed combination of low-
optimum flow resistance case as shown in Fig. 9. The peak of the
total resistive part at 1.7 kHz is now not as high as that in Fig. 7
and this is dominated by the resistive part of the optimum flow
resistance fabric at the second layer. The intersection of these
two curves at 1.1 kHz and 2.3 kHz produces two peaks at these fre-Fig. 8. Comparison of resistive and reactive parts of the surface impedance of
double-layer woven fabrics for configuration of optimum-low flow resistances.quencies which indicate that the absorption peaks in this case are
controlled by the second layer with optimum flow resistance.
Above the second peak frequency, the total resistive part reduces
rapidly towards the resistive part of the first layer with low flow
resistance. Above this frequency, the sound absorption mechanism
is dominated by the reactive part.
The results of each configuration are summarized in Table 3 to
indicate overall performance of the double-layer woven fabric sys-
tem in terms of the amplitude and absorption bandwidth. From the
cases considered here, the configuration of low-optimum resis-
tance is the most beneficial configuration compared the others
for broadband absorber by having peak amplitude a = 0.987, half-
absorption bandwidth Da0.5 = 2761 Hz and Rpd = 1.10 (see again
Fig. 7(b)). For tonal absorber or narrow bandwidth absorber, the
configuration of optimum-high resistance is a reasonable choice
(see again Fig. 7(a)).
The next section discusses the effect of varying the cavity
depths on the sound absorption performance of the double-layer
woven fabric system.3.4. Effect of cavity depth ratio between layers on absorption
bandwidth
The cavity depth of each layer is varied and is expressed as ratio
of D1 to D2 denoted as DR ¼ D1=D2. The effect of such variation on
the half-absorption bandwidth;Da0:5 is evaluated by varying the
total cavity depth up to 200 mm. Here the double-layer woven fab-
ric system with identical optimum flow resistance is considered
(see Fig. 4). The results are plotted in Fig. 10. It can be observed
that introducing DR < 1 to the system provides widerDa0:5. Above
DR = 1, Da0:5 can be seen to be almost constant against DR. For
DR < 2, Da0:5 can also be observed to decrease with the increasing
the total cavity depth. The Da0:5 tends to converge to a single value
for DR P 4. Hence, cavity variation introduced above this ratio will
have negligible effect on the absorption bandwidth of the absorber.
The results also reveal that the greater the total air cavity, the
lower the half-absorption bandwidth.
For the combination of low and optimum flow resistances, the
discrepancy in bandwidth between the two configurations is
insignificant for DR < 0.5 as seen in Fig. 11. Significant Da0:5 differ-
ence between the two configurations can be seen for DR 	 0.5
where the difference reduces as DR increases.
Table 3
Absorption coefficient and absorption bandwidth for various combinations of flow resistances in the woven fabric double-layer system.
Case Configuration Peaka Half-Absorption Bandwidth, Da0:5, Hz Rpd
I High resistance [1] + Optimum resistance [2] 0.450 NA 1.33
Optimum resistance [1] + High resistance [2] 0.956 2240 NA
II Low resistance [1] + Optimum resistance [2] 0.987 2761 1.10
Optimum resistance [1] + Low resistance [2] 0.997 NA 3.05
III High resistance [1] + Low resistance [2] 0.465 NA 3.66
Low resistance [1] + High resistance [2] 0.826 2434 NA
*NA = not available
Fig. 10. The effect of air cavity ratio on the half-absorption bandwidth, Da0:5 of the
double-layer woven fabric system with identical optimum flow resistance.














Optimum Resistance + Low Resistance
 Low Resistance + Optimum Resistance
Fig. 11. The effect of air cavity ratio on the half-absorption bandwidth, Da0:5 of the
double-layer woven fabric system with non-identical flow resistances.
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can be seen to be insensitive to cavity variation where Da0:5 can
be observed to be almost constant between 1.3 and 1.5 kHz. In con-
trary for the low-optimum flow resistance case, the bandwidth can
be very sensitive for 0.5 < DR < 2 where Da0:5 rapidly reduces as DR
is increased. The Da0:5 becomes constant for DR > 2 at value of
around 2.2 kHz. The results suggest that the half absorption band-
width Da0:5 can be set to be as wide as possible with the appropri-
ate configuration of DR.
4. Experiment validation and discussion
To validate the theoretical results, a series of measurements
were conducted where the half absorption bandwidth of each
result is compared. The same scenarios as presented in the para-metric studies were considered. Moreover, we also calculate the
root mean squared error (RMSE) for the comparisons to evaluate
the model in predicting absorption coefficients of the whole fre-







ai  âið Þ2
vuut ð34Þ
where ai is the measured absorption coefficient each frequency, âi
is the predicted absorption coefficient each frequency and n is the
number of data.
4.1. Acoustical characterization of specimens
Two kinds of woven fabric were selected to have low and opti-
mum flow resistances were characterized in order to obtain their
acoustics parameters particularly the flow resistance value. For
this, the method proposed in Ref. [16] was employed as it has been
shown to have good accuracy to obtain parameters of perforated
facing (also called screen), which is similar elementary system to
a woven fabric layer discussed in this paper. All relevant parame-
ters obtained are listed in Table 4. It should be noted that the
woven fabrics were selected from available commercial fabrics so
that the values of low and optimum flow resistance are not exactly
the same as in the parametric study.
Fig. 12 shows the woven pattern of the test samples under the
Scanning Electron Microphone (SEM) which shows the difference
of the pattern for different flow resistance.
4.2. Measurement method of sound absorption coefficients
The measurement of absorption coefficient of the samples was
conducted using the impedance tube [24]. The schematic diagram
of the test can be seen in Fig. 13. In principle, the white noise was
generated in sound source and the travelling plane waves through
a 10-cm diameter tube were recorded by two-spaced acoustic
microphones. From this, the transfer impedance can be determined
and the sound absorption coefficient for frequency ranging from
64 Hz to 1.6 kHz can be obtained accordingly. Meanwhile, a 3-cm
diameter tube was used to obtain data for 1 kHz to 6.3 kHz. The
data at the overlapping frequencies were averaged so that normal
absoprtion frequency ranging from 64 Hz to 6.3 kHz are obtained.
An acrylic woven fabric holder was developed as a special mount-
ing system, which did not alter the diameter inside the tube. The
fabrics was held on the mounting as rigid as possible.
4.3. Measurement results
4.3.1. Case of identical flow resistance
Fig. 14 presents the comparison of the measurement results and
the prediction for the case of identical flow resistances. The half-
absorption bandwidth can not always be evaluated as same as
found in analysis on the parametric study in section 3.2. For the
case of identical optimum resistance, Da0:5 of 4030 Hz is present
Table 4
Properties of specimens.
Sample d (mm) t (mm) b (mm) /* r  t(N.s.m3)
Optimum flow resistance 0.15 ± 0.049 0.73 ± 0.060 0.69 ± 0.016 0.037 506
Low flow resistance 0.25 ± 0.019 0.45 ± 0.068 0.90 ± 0.060 0.060 69.3
* Calculated using Eq. (1).
Fig. 12. Sample of woven fabric presented with the SEM results: (a) optimum flow
resistance; and (b) low flow resistance.
Fig. 13. Schematic diagram of im
(a)
Fig. 14. Comparison of measured normal sound absorption coefficients with the predi
optimum flow resistance and (b) low flow resistance (D1 = D2 = 25 mm).
Fig. 15. The use of different characteristic viscous length K to absorption coefficient
behaviour at high frequency.
I. Prasetiyo et al. / Applied Acoustics 157 (2020) 107008 9for the theoretical or 11.91% narrower than that of the measured
one as shown in Fig. 14(a). Meanwhile, Da0:5 of 4150 Hz exist for
the measured one of identical low resistance while that of the the-
oretical one is not concluded due to the presence of dip around
2.5 kHz. Nevertheless, the dip with absorption coefficient aroundpedance tube test method.
(b)
ctions for a double-layer woven fabric system with identical flow resistances: (a)
(a) (b)
Fig. 16. Comparison of measured normal sound absorption coefficients with the predictions for a double-layer woven fabric system with non-identical flow resistances: (a)
optimum-low flow resistances and (b) low-optimum flow resistances (D1 = D2 = 25 mm).
10 I. Prasetiyo et al. / Applied Acoustics 157 (2020) 1070080.5 occurs for both theoretical and measured ones as indicated in
Fig. 14(b) so that the half-absorption bandwidth tends to non-
exist. Apart from this, it can also be seen that the measurement
results are in good agreement with the predictions for both opti-
mum flow resistance case and low flow resistance case. The former
has RMSE = 0.08 and the latter has RSME = 0.13. Moreover, the
measured results also reveal the two peaks as discussed in the
parametric study.
For both cases, the prediction underestimates the measured
sound absorption coefficient above the second peak frequency.
The dissipation of air in the cavity may contribute to the discrep-
ancy in this frequency regime. However, our study indicates that
introducing dissipation factor into the model does not reduce the
gap of the comparison results. Considering the frequency regime
where the discrepancies exist, the characteristic viscous length K
is employed to take account for this and the results can be
observed from Fig. 15. The use of higher K in the model gives rise
to the gap is reduced than that of K ¼ r . Setting value of K being
equal to pore radius might not be applicable for woven fabric case
e.g. contribution of the shape factor of perforation that is formed
by yarn. A similar indication is also found in [25]. It should be
noted that the selection of proper K for the modelling needs a fur-
ther study as this relates to parameters of textile material. Moro-
ver, considering the half-absorption bandwidth and RMSE values,
the current model can still produce a good result without introduc-
ing different K values.4.3.2. Case of non-identical flow resistance
For the samples of woven fabric with non-identical flow resis-
tances, the measured absorption coefficient can be seen from in
Fig. 16. For the case of optimum-low resistances in Fig. 16(a),
two expected strong peaks as in the parametric study were
recorded by the measurement at 1 kHz and 3.3 kHz. The prediction
follows the trend of the measurement data in good agreement,
including predicting the dip between the peaks at 2.7 kHz. The
measurement and the prediction has RMSE = 0.06. For the case of
low-optimum resistances in Fig. 16(b), the measured data also
reveals wider absorption bandwidth with broader peak between
1 and 3 kHz. For this case, Da0:5 of 3721 Hz and 4370 Hz are found
for theoretical result and measured one respectively so that both
results differ by 14.9% in the half absorption bandwidth while
the mathematical model predicts the measurement data in good
agreement with RSME = 0.16. Similar to the measurement results
in the identical flow resistance case, the prediction however
underestimates the measured data at high frequencies. The same
explanation as in section 4.3.1is applicable for this case.5. Conclusions
This paper has demonstrated the effects of flow resistance of a
double-layer woven fabric system in tuning its sound absorption
performance. The mathematical model for the system is derived
from the Johnson-Champoux-Alard (JCA) model. It is found that if
the layers have identical flow resistance, high flow resistance pro-
duces low amplitude of absorption coefficient, but with relatively
wide frequency bandwidth. Higher amplitudes of absorption can
be obtained with low or optimum flow resistance, but with a dip
in between two absorption peaks which sacrifices the half absorp-
tion bandwidth. This can be solved by having the combination of
non-identical resistance between the layers. It is revealed that
the sequence of the resistance value is sensitive to the sound
absorption. To have high absorption coefficient, a and wide half-
absorption bandwidth,Da0:5 the layer having lower flow resistance
must be placed on the first layer in the double-layer system. If the
sequence is reversed, a low dip is produced and Da0:5 cannot be
constructed. The ratio of the cavity depth between the layers, DR
can also be adjusted to control Da0:5. It has been demonstrated that
for identical-optimum flow resistance case, the smaller the DR the
wider the Da0:5. For each total cavity, Da0:5 becomes relatively con-
stant for DR > 1.5. Similar findings are also found for the case of
non-identical flow resistance. For the low-optimum resistance
configuration, Da0:5 can reach above 3.5 kHz for DR = 0.5 and
Da0:5 falls rapidly as DR is increased and becomes constant at
DR > 1.5. Experimental validation was also conducted and the
model predicts the measured data in good agreement. The selec-
tion of flow resistances as well as the ratio of the air cavity depths
can thus be used in tuning the double-layer woven fabric absorber
to meet particular requirements.
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